Abstract. The ability of mortarless wall to restrain/sustain lateral load become important aspect to be consider in the design of wall. Therefore, this paper presents analyses of mortarless wall subjected to in-plane combined loading using finite element programs. The developed 2D finite element program is used in this research. The finite element models are developed based on micro modelling approach where each constituent of masonry (block and dry joint) connected each other by joints at their actual position. Eight nodded isoparametric plane element and six nodded zero thickness isoparametric interface element are used to represent block unit and dry joint respectively. The developed models are analysed under nonlinear environment. The most relevant results concern the strength response of the dry joint masonry walls subjected to in-plane combined compressive and shear loading. The results of finite element analysis compared with corresponding experimental results and its show good agreement. Parametric study also performed to consider the important parameters that effect the design of wall under combined loading. Significant features of the structural behaviour, ultimate capacity and observed failure mechanisms are addressed and discussed.
Introduction
Masonry walls structures generally considered to be strong under gravity load. The strength of masonry is contributed by the quality of blocks units, mortar (if any), their interaction and its compressive strength. However masonry walls are usually not only subjected to gravity load but also received lateral load resulting from wind and/or seismic excitation. Experimental investigations of unreinforced masonry wall under in-plane load identified flexural and shear failure [1] . Flexural failure is characterized by the tensile yielding of vertical reinforcement (for reinforced masonry) or crushing of masonry at critical areas of the wall. Shear failure is characterized by diagonal tensile cracking [1] [2] . It was demonstrated that the shear resistance of reinforced masonry walls comes from several mechanisms, such as tension of horizontal reinforcement, dowel action of vertical reinforcement, applied axial stress, and aggregate interlocking [2] . However, limited research has been carried out on structural behaviour of mortarless masonry walls [3] [4] [5] [6] . The investigation of structural behaviour of masonry wall under in-plane loading using numerical modelling and finite element analyses have been found performed by [7] [8] [9] [10] [11] [12] [13] . The research previously discover that dry block masonry walls with in-plane loading behaves as an anistropic material without tensile strength in the direction normal to the courses and endowed with a tensile strength in the course direction depending on friction and state of stress [7] and well-known failure criteria, namely Mohr-Coulomb, Saint Venant and Navier can be successfully used in order to predict the collapse stress state (biaxial and shear stresses) at which the three fundamental failure modes of masonry panels under in-plane loading can be expected; slipping of the mortar joints, cracking of bricks and splitting of joints and spalling in the middle plane [8] .
The research on the mortarless construction was permitted by development of interlocking hollow block system. In the system developed, the blocks are stacked on one another and threedimensional interlocking protrusions are provided in the blocks to integrate the blocks into walls [14] . Structural behaviors of elements constructed by this system have been accessed by performing the experimental testing under axial and eccentric load [3, 4] . Based on the available experimental results, strength correlation between individual block, prism, and basic wall panel of interlocking mortarless hollow block masonry has been developed [15] . Extended from experimental evaluation, finite element analyses on the hollow block mortarless masonry system also have been performed [16, 17] . As such, additional research in this field will improve the existing knowledge and understanding of its complex behaviour. This paper describes and discussed a study carried out to enhance understanding of lateral load (in-plane) behaviour of mortarless masonry walls using finite element approach. The investigation reported here, focused on the in-plane structural behavior of mortarless load bearing hollow block walls.
Finite Element Modelling
The numerical analyses were performed by using 2D finite element program developed by Ahmed [18] . Eight-noded isoparametric plane element was used to model masonry constituent (blocks) as shown in Figure 1 . Six-nodded isoparametric interface element of zero thickness located between material elements was used to model the interface characteristics of the dry joint and bond between block and grout (if any) as shown in Figure 1 .
Figure 1: Masonry and Interface Joint Element
Material Model and Failure Criteria . In this study, the best fit equation of the experimental data of masonry block under uniaxial compression test for both ascending and descending parts was adopted [19] . It can be expressed as
where, σ, ε
: instantaneous values of the stress and the strain, respectively σ 0 , ε 0 : the ultimate stress (peak) and the corresponding strain, respectively p : a constant called material parameter that depends on the shape of the stress-strain diagrams Other material properties obtained from experimental work on dry joint behavior were normal stiffness, K n and shear stiffness, k s . K n was given as follows
Where K ni is the initial normal stiffness at zero stress and d n is close up deformation. The close up deformation is the main feature that makes the dry joint different from the mortar joint under compressive load. On the other part, the proposed model uses the biaxial compression strength envelope proposed by Vecchio [20] . The principal stresses in two orthogonal directions are denoted by σ 1 and σ 2 with |σ 1 | ≤ |σ 2 | . For tension-compression region, the envelope relation that is used in this region can be written as In which σ 1p is tensile stress and σ 2p is compressive stress Where f' t is tensile strength of block unit f eq is equivalent tensile strength
Implementation Finite Element Analysis on Masonry Wall
This section is discussed the implementation of finite element analysis into mortarless masonry wall problem subjected to in-plane loading. Wall model developed using elements that discussed in previous section. Figure 2 show the finite element idealization for wall model adopted in the analyses. Material properties used for masonry block and dry joint were based on actual experimental value are shown in Table 1 . Numerical simulation of several finite element models of walls was carried out for the development of design equation. The models were simulated based on the different value of parameter considered to evaluate its effect on the structural behaviour. Parameters consider here are pre-compressive value and slenderness ratio. The data then used to propose the important equation to be used in design of mortarless wall under in-plane loading. A finite element model developed for this purpose and simulated under different amount of pre-compressive load, P n designated as W1 for P n is equal to 120 kN, W2 for P n equal to 240 kN and W3 for P n equal to 480 kN. Table 2 shows the details of the model W1, W2 and W3. Table 3 shows maximum lateral load obtained by finite element analysis and the corresponding experimental result for each groups. The results show good agreement with discrepancy between 0.67% and 16.68% as shown by lateral load-lateral displacement plots in Figure 3 . The displacement was obtained at mid height of wall. The overestimated maximum lateral loads may be due to the higher stiffness of the model as compared to the experiment specimens. However FE was capable to predict the similar response/curve pattern as in experimental work. Therefore, it can be concluded that the finite element model would be able to predict the strength of wall under combined in-plane loads with acceptable accuracy. Results of Finite Element Analysis. The models were simulated based on the different value of parameter considered to evaluate its effect on the structural behaviour. Parameters consider here are pre-compressive value and slenderness ratio. The data then used to propose the important equation to be used in design of mortarless wall under in-plane loading. The affect of each of parameter consider presented accordingly in section below.
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Effect of Normal Pre-compressive Stress. Figure 4 shows the results of normalized shear strength versus normal compressive strength for various slenderness ratios. It also shows best fit lines for each wall. Each slenderness ratio was presented by different relationship. In order to present the relation between masonry shear strength and normal compressive stress, the influence of f' m must be excluded from the results. For that, a plot of τ ult /√f' m or normalized shear strength is presented. The figure shows that increasing the normal compressive stress of wall results in increased shear strength of wall. However, by increasing the slenderness ratio, the shear strength of wall was decreased. This indicates that normal compressive stress had a significant influence on the shear strength behaviour of wall under in-plane loading. The normal compressive stress suppressed the tensile field in the material weak in tension [2] . As a result, when the normal compressive stress increases, the shear resistance increases.
Effect of Slenderness ratio. The effect of slenderness ratio on the shear strength of wall shows that the shear strength decreased when slenderness ratio of wall was decreased. For a constant normal compressive stress of V = 0.5 N/mm 2 shear strength decreased from a maximum of 0.154 N/mm 2 for SR = 8 to 0.149 N/mm2 when SR ratio was increased to 10.67, resulting in a decrease of 3.25%. However the percentage of decreasing of shear strength was higher when SR increased to 20, about 22%. This indicates that the effect of slenderness ratio on the shear strength of wall under combined in-plane loading was significant. 
Conclusions
The behaviour of mortarless interlocking load bearing hollow block wall panels under combined inplane loading was investigated using finite element approach. It was concluded that precompressive load has a significant influence on the in-plane shear capacity of mortarless walls. As the results, when the axial compression load increases, shear resistance also increases. Finite element analysis was carried out to investigate the effect of slenderness ratio and precompressive load on the shear capacity of masonry wall panels. The finite element model was verified by comparing the results with corresponding experimental results. Both pre-compressive and slenderness ratio showed significant effect on the shear strength of mortarless masonry wall under in-plane loading. Pre-compressive load significantly increased the shear strength of wall. However, higher slenderness ratio reduced the shear strength.
